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Bimanual coordinationIn the masked priming paradigm, motor responses to targets are inﬂuenced by previously presented
subliminal primes, and are guided by facilitatory and inhibitory mechanisms that depend on prime-target
compatibility/duration. In this study, we evaluate subliminal-driven priming in right- and left-handers
during unimanual as well as bimanual tasks. The data from the unimanual tasks conﬁrmed that prime-target
compatibility affects performance as a function of prime-target duration. In a bimanual setting, the preferred
hand beneﬁtted from facilitation in both handedness groupswhereas the non-preferred hand showed a positive
priming effect only in left-handers. This denotes that left-handers are more susceptible to response activation of
either hand. In addition, inhibitory priming had a stronger effect on the non-preferred than preferred hand, in-
dependent of handedness group. Overall, the ﬁndings suggest that subliminal-driven mechanisms that assist
adaptive motor behavior are sensitive not only to extrinsic (task-related) factors such as prime-target compati-
bility but also to intrinsic (performer-related) factors such as hand dominance. The data further provide support
for handedness-speciﬁc effects inmotor functions and underline a signiﬁcant role of hand dominance in the con-
trol of bimanual actions.
© 2012 Elsevier B.V. Open access under CC BY license. 1. Introduction
Although most of our behavior is considered voluntary, some re-
sponses can be triggered by stimuli that are inaccessible to conscious
awareness. These stimuli inﬂuence behavioral performance; sublimi-
nal priming effects that can be examined by means of masked prime
designs. In these paradigms, a target is preceded by a masked prime
that is associated with the same or different response as the target
(Eimer & Schlaghecken, 1998; Klapp & Haas, 2005; Neumann &
Klotz, 1994; Vorberg, Mattler, Heinecke, Schmidt, & Schwarzbach,
2003). Masked primes speed-up responses to target stimuli if prime
and target are compatible and slow down responses if they are in-
compatible. This performance beneﬁt reﬂects a positive compatibility
effect (PCE), and occurs when the prime-target interval is short
(0–60 ms). However, the priming pattern reverses when the
prime-target interval is longer (100–200 ms); a so-called negative
compatibility effect (NCE), (Eimer & Schlaghecken, 1998; Jaśkowski,
2008; Lingnau & Vorberg, 2005). One explanation is that the NCE rep-
resents motor inhibition during which a self-inhibition process sup-
presses the initial response tendency triggered by the prime when it
is no longer supported by sensory evidence (Eimer & Schlaghecken,
2003; Klapp & Hinkley, 2002). However, alternative interpretations
suggest that NCE is driven by perceptual characteristics of the stimuli
(Lleras & Enns, 2004; Verleger, Jaśkowski, Aydemir, van der Lubbe, &versity of Nottingham, Univer-
5285; fax: +44 115 951 5324.
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license. Groen, 2004). At present, it is generally believed that NCE reﬂects
motor inhibition, either as self-inhibition (Schlaghecken & Eimer,
2002), or as mask-triggered inhibition (Jaśkowski, 2007; Lleras &
Enns, 2004). Low-level inhibition differs from high-level inhibition
that occurs during voluntary response withholding as there is no in-
tentional effort to suppress a response to the prime (Eimer &
Schlaghecken, 2003; Sumner et al., 2007).
Most behavioral studies have examined the inﬂuence of sublimi-
nal priming on individual right and left hand performances. Less is
known about the role of priming in a bimanual context. That is,
when both hands are required to perform simultaneously. The evalu-
ation of bimanual actions is relevant since the constraints that under-
lie coordinated behavior do not necessarily follow the rules that
regulate unimanual movements (Serrien, 2009; Swinnen, 2002). In
particular, bimanual control structures impose interdependence of
movement parameters (Franz, Zelaznik, & McCabe, 1991; Kelso,
Southard, & Goodman, 1979; Serrien & Swinnen, 1997; Steglich,
Heuer, Spijkers, & Kleinsorge, 1999), although the coordination con-
straints are considered ﬂexible (Serrien & Wiesendanger, 2001). Dis-
tinct processing demands due to bimanual constraints are further
highlighted from simple reaction time tasks, which show longer re-
sponse times in bimanual than unimanual conditions; also labelled
as the bimanual deﬁcit/cost (Hughes & Franz, 2007; Taniguchi,
Burle, Vidal, & Bonnet, 2001). In view of motor priming,
Schlaghecken, Klapp, and Maylor (2009) observed that primes that
linked with a response hand produced NCEs during unimanual
tasks, but not during bimanual tasks. The latter observation suggested
that NCEs operate at an abstract (non-effector) response level.
Fig. 1. Schematic presentation of the trial structure.
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dominance would interact with subliminal-driven motor priming.
Overall, most research on motor control has been conducted in
right-handers whereas less is known from left-handers. Although
left-handers demonstrate structural asymmetries of the motor sys-
tem that are opposite to those of right-handers, these are less prom-
inent and deﬁned (Amunts et al., 1996). Furthermore, functional
imaging data have revealed that left-handers show less hemispheric
lateralization than right-handers during intricate unimanual patterns
(Solodkin, Hlustik, Noll, & Small, 2001) and bimanual actions
(Kloppel et al., 2007; Vingerhoets et al., 2012). These observations
suggest that left- and right-handers have distinct control mechanisms
of motor behavior (Kloppel et al., 2007; Reid & Serrien, 2012). Subse-
quently, the aim of this study was to examine the PCE and NCE pro-
cesses in left- vs. right-handers during unimanual and bimanual
assignments. Although these processes are considered low-level and
automatic as they occur outside conscious awareness, they are in
line with intentions (Klapp & Haas, 2005). Accordingly, it was hy-
pothesized that primed responses would display different proﬁles in
left- and right-handers due to differences in lateralization of motor
functions. Effects were expected to become most apparent during bi-
manual responses due to the increased task complexity as compared
to unimanual responses.
2. Method
2.1. Participants
Participants in the experiment were 26 left-handers (21.8±
3.4 years) and 23 right-handers (20.5±1.8 years). Their laterality
index was−88.2±13.2 and 84.4±13.1 for the left- and right-handers,
respectively (Oldﬁeld, 1971). The participants gave informed consent
prior to participation in accordance with the declaration of Helsinki,
and the study was approved by the local ethics committee.
2.2. Task and procedure
A standard masked prime design was used during which double
arrows were used as prime and target stimuli. The participants were
asked to respond to the target stimuli with the left index by pressing
the C-key (arrows pointing to the left, bb), the right index by pressing
the M-key (arrows pointing to the right, >>) or both index ﬁngers by
pressing the C- andM-keys (bilateral arrows, b>) on a keyboard. Before
the target stimuli appeared, a prime was displayed that pointed to the
left (bb) or to the right (>>). As illustrated in Fig. 1, each trial started
with a centrally presented ﬁxation cross. After 250 ms, the ﬁxation
cross disappeared and was followed by a blank screen for 300 ms, a
prime for 17 ms and a feature-mask (overlapping horizontal, vertical
and oblique lines) for 100 ms.
In the short inter-stimulus-onset (ISO) condition, the target
appeared simultaneously with the mask whereas it appeared 100 ms
after the mask and was shown for 100 ms in the long ISO condition.
Thereafter, a blank screen was present for an inter-trial interval (ITI) of
800 ms. Trials were compatible when prime and target arrows pointed
in the same direction and incompatible when they pointed in different
directions. Primes and targets were randomized within blocks of 180
trials. The short and long ISO trials were presented in separate blocks,
which were counterbalanced between participants. Short breaks were
offered every 60 trials. Familiarization trials were provided prior to
the experimental blocks. Participantswere instructed tomaintain central
eye ﬁxation throughout the experiment and to respond as quickly and
accurately as possible to the direction of the target arrows.
After completion of the main experiment, the participants were
queried about the primes. No one had noticed the primes. Subsequently,
information was provided to the participants about the primes, and
masking efﬁciencywas evaluated in a forced-choice control experiment,which assessed prime identiﬁcation. In these prime identiﬁcation trials,
prime andmask were presented, but there were no targets. Participants
were asked to identify the prime and to respond with corresponding
ﬁnger(s) across 45 trials. In order to have all the responses from the
main experiment, the prime stimuli were pointing to the left (bb), right
(>>) or bidirectional (b>). Trials were randomized. Participants were
told to guess on trials in which they could not identify the primes.
There was no emphasis on reaction time.
2.3. Measurements and data analysis
The reaction time (RT) to targets (ﬁltered to exclude erroneous re-
sponses) and number of errors were used as behavioral measure-
ments in the main experiment. The unimanual data were analyzed
by means of 2×2×2 ANOVAs (Group: right- vs. left-handers; Re-
sponse Hand: preferred vs. non-preferred; Compatibility: compatible
vs. incompatible priming) whereas the bimanual data were analyzed
by means of 2×2×2 ANOVAs (Group: right- vs. left-handers; Re-
sponse Hand: preferred vs. non-preferred; Primed Hand: preferred
vs. non-preferred), separately for the short and long ISO conditions.
Additional 2×2 ANOVAs (Group: right- vs. left-handers; Condition:
Unimanual vs. Bimanual) were conducted on the RT in order to estab-
lish the processing demands for bimanual as compared to unimanual
responses. Post-hoc t-tests were conducted and Bonferroni correction
was made where appropriate. In the prime identiﬁcation task, the ob-
served (correct response) frequency was calculated for the primes
and contrasted with the expected (chance level) frequency by
means of a non-parametric χ2 test. The statistical threshold was set
at pb .05. Means±SE are reported.
3. Results
3.1. Short ISO: unimanual conditions
For the unimanual responses, the RT revealed a signiﬁcant main
effect of Response Hand, F(1, 47)=9.15, pb .01, η2=.129, with the
preferred hand (400.2±4.6 ms) responding quicker than the
non-preferred hand (408.1±4.3 ms). The main effect of Compatibility
was also signiﬁcant, F(1, 47)=120.21, pb .01, η2=.167, with faster
compatible responses (391.0±4.7 ms) than incompatible responses
(417.5±4.8 ms). Fig. 2 (upper panel) illustrates the unimanual RTs
for the short ISO. The error scores showed a signiﬁcant main effect of
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Fig. 2. RTs in the unimanual tasks (upper panel) and bimanual tasks (lower panel) with
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Group×Compatibility interaction, F(1, 47)=11.01, pb .01, η2=.175.
The error scores for the compatible and incompatible responses were
4.7±1.0% and 8.3±1.3% (right-handers), 6.4±1.2% and 14.2±2.0%
(left-handers),
3.2. Short ISO: bimanual conditions
For the bimanual responses, the RT showed a signiﬁcant Response
Hand×Primed Hand interaction, F(1, 47)=11.88, pb .01, η2=.113,
and a Group×Response Hand×Primed Hand interaction, F(1, 47)=
4.50, pb .04, η2=.201. The preferred hand responded faster when it
was primed. However, the non-preferred hand beneﬁtted from posi-
tive priming in left-handers, but not in right-handers. Fig. 2 (lower
panel) shows the bimanual RTs for the short ISO. The error (a re-
sponse with one hand) scores demonstrated no signiﬁcant main ef-
fects or interactions, p>.05.
As these results from the bimanual conditions are a novel ﬁnding,
we conducted an additional experiment in order to replicate the
observation. In particular, we repeated the experiment for the bimanual
trials in 10 right-handed participants (24.6±2.8 years, laterality
index=90.2±8.5). These data were analyzed by means of 2×2
ANOVAs (Response Hand: preferred vs. non-preferred; Primed Hand:
preferred vs. non-preferred). The RT analysis showed a signiﬁcant
Response Hand×Primed Hand interaction, F(1, 9)=6.67, p=.02,η2=.186. The RTs of the primed and unprimed responses were
422.4±3.9 ms and 434.1±4.2 ms (preferred hand), 428.3±4.6 ms
and 425.4±3.7 ms (non-preferred hand), indicating positive priming
for the preferred but not for the non-preferred hand. The error scores
revealed no signiﬁcant effects, p>.05. Accordingly, the outcome of
this additional experiment supports our initial results.
3.3. Short ISO: unimanual vs. bimanual conditions
A main effect of Condition was observed for the preferred hand,
F(1, 47)=79.59, pb .01, η2=.582, and for the non-preferred hand,
F(1, 47)=31.94, pb .01, η2=.327. The RTs of the preferred and
non-preferred hand were faster during unimanual trials (400.2±
4.4 ms and 407.3±4.2 ms) than during bimanual trials (426.7±
5.1 ms and 428.1±5.3 ms).
3.4. Long ISO: unimanual conditions
For the unimanual responses, the RT demonstrated a signiﬁcant
main effect of Compatibility, F(1, 47)=16.23, pb .01, η2=.134, with
faster incompatible responses (406.7±5.2 ms) than compatible
responses (414.9±4.7 ms). The Group×Response Hand was also
signiﬁcant, F(1, 47)=10.83, pb .01, η2=.196. There was a slower
RT for the non-preferred as compared to preferred hand in the
left-handers whereas a reversed pattern was observed in the
right-handers. The RTs of the preferred and non-preferred hand
were 417.7±5.8 ms and 407.0±5.0 ms (right-handers), 412.1±
5.5 ms and 405.7±4.7 ms (left-handers). Fig. 3 (upper panel)
demonstrates the unimanual RTs for the long ISO. The error scores
showed a signiﬁcant main effect of Compatibility, F(1, 47)=4.88,
pb .05, η2=.145, with fewer errors during incompatible trials
(5.5±1.3%) than during compatible trials (8.3±1.2%).
3.5. Long ISO: bimanual conditions
For the bimanual responses, the RT revealed a signiﬁcant Group×
Response Hand interaction, F(1, 47)=4.93, pb .05, η2=.203. There
was a delayed RT for the non-preferred as compared to preferred
hand in the left-handers whereas the RTs of both hands were similar
in the right-handers. The RTs of the preferred and non-preferred hand
were 434.1±5.0 ms and 432.8±5.1 ms (right-handers), 425.2±
5.5 ms and 431.3±4.6 ms (left-handers). Also, the Response Hand×
Primed Hand interaction was signiﬁcant, F(1, 47)=16.58, pb .05, η2=
.165. Inhibitory priming occurred for both hands (i.e., a slower RT when
primed as compared to unprimed) with the strongest effect for the
non-preferred hand. The RTs of the primed and unprimed responses
were 431.9±5.6 ms and 427.2±4.4 ms (preferred hand), 437.0±
5.5 ms and 428.3±4.2 ms (non-preferred hand). Fig. 3 (lower panel)
illustrates the bimanual RTs for the long ISO. The error scores showed
no signiﬁcant main effects or interactions, p>.05.
3.6. Long ISO: unimanual vs. bimanual conditions
A main effect of Condition was observed for the preferred hand,
F(1, 47)=37.27, pb .01, η2=.479, and for the non-preferred hand,
F(1, 47)=41.32, pb .01, η2=.492. The RTs for the preferred and
non-preferred hand were faster during unimanual trials (410.5±
4.9 ms and 409.9±4.8 ms) than during bimanual trials (428.6±
5.3 ms and 431.8±5.7 ms).
3.7. Prime identiﬁcation
The analysis of the observed (correct response) vs. expected (chance
level) frequency of the primes revealed no signiﬁcant effect, χ2(48)=
1.42, p>.05. The scores were 35.2% and 33.3% for the observed and
expected frequencies, respectively. The data of the participants who
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no signiﬁcant effect, χ2(9)=1.03, p>.05. The observed frequency was
37.0%. That participants failed to perform with better-than-chance
accuracy on this control task supports the verbal reports from the
participants and suggests the subliminal nature of the primes.
4. Discussion
A widely used method for studying the inﬂuence of subliminal
processing on response planning is the masked priming paradigm.
Factors that inﬂuence the priming effects are the prime-target com-
patibility and interval. In particular, at short prime-target intervals,
subliminal primes trigger a partial activation of the response, resulting
in a performance beneﬁt when the prime is identical to the target
(Eimer & Schlaghecken, 1998). In line with previous unimanual data,
the present results revealed that compatible responses were faster
and more accurate than incompatible responses. Furthermore, the
data indicated that the preferred hand reacted faster than the
non-preferred hand, which suggests an increased response readiness
due to hand preference. A behavioral beneﬁt of the preferred hand
was further observed when it was primed during bimanual actions.
However, the non-preferred hand showed a positive priming effect in
left-handers, but not in right-handers. This proposes that left-handers
are more receptive to response activation of either hand whereas thenon-preferred hand is less easily primed in right-handers. Accordingly,
it is hypothesized that subliminal-driven responses support distinct
processes in left- vs. right-handers: A control mechanism that favors re-
sponse facilitation of the preferred hand in right-handers in contrast to
a control mechanism that assists more equally activation of both hands
in left-handers. These data are in linewith previouswork that has found
handedness-speciﬁc effects in bimanual behavior (Buckingham, Main,
& Carey, 2009; Kloppel et al., 2007). A potential account is that these ef-
fects result frombiases in response organization. In particular, bimanual
actions require extra activation of motor areas in right- as compared to
left-handers, suggesting differences in neural effort for task perfor-
mance. In this respect, it is possible that bimanual activities generate in-
creased processing in right-handers or that left-handers have an
enhanced efﬁciency due to their experience in using both hands as a re-
sult of environmental constraints (e.g., tool use), (Kloppel et al., 2007).
Alternatively, between-group differences in bimanual assignmentsmay
arise due to distinct attentional regulation as right-handers tend to have
attention biased toward their preferred hand whereas no consistent
pattern of asymmetry exists in left-handers (Buckingham et al., 2009;
Peters, 1981).
At longer prime-target intervals, the initial effect of facilitation
observed in masked priming turns into inhibition when the prime is
identical to the target. In particular, the inhibitory process suppresses
the initially activated response whenever it is relatively strong and has
the potential to affect behavior. Accordingly, themechanism contributes
to the control of incorrect response tendencies (Eimer & Schlaghecken,
2003). In agreement with previous observations on unimanual re-
sponses, the current data showed that incompatible trials were faster
and more accurate than compatible trials. In addition, the results dem-
onstrated that the responses of the non-preferred as compared to pre-
ferred hand were slower in the left-handers whereas a reversed
pattern was observed in the right-handers. In a bimanual context, the
response latencies followed the same trend as in the unimanual trials
for the left-handers, but not for the right-handers. This resulted in simi-
lar RTs for both hands in the right-handers, suggesting synchronized re-
sponses. Conversely, the non-preferred as compared to preferred hand
was delayed in the left-handers, indicating uncoupled responses. The bi-
manual data further revealed that inhibitory priming had the strongest
effect on the non-preferred hand, independent of handedness group.
This suggests that low-level inhibition in bimanual tasks is inﬂuenced
by dominant hand use.
That a response hand could be primed during bimanual actions
shows that coding occurred, at least partially, at the effector-speciﬁc
level. That priming effects during bimanual conditions also operate
at an abstract response level (Schlaghecken et al., 2009), suggests
that these are driven by task-speciﬁc factors such as prime-target
similarity and type of mask as relevant masks such as used in the
present study are known to be sensitive to perceptual features
(Sumner, 2008). However, it is unlikely that mask-induced inhibition
would be fully responsible for the observed effects as theNCEwas distinct
for both handedness groups andwas twice as large for the non-preferred
as compared to preferred hand. Accordingly, it is suggested that the
response codes that represent the actions are inﬂuenced by perceptual
information, resulting in deﬁned perceptuo-motor associations. The
effector coding observed in this experiment is also in line with data
that have shown that unilateral stimuli can inﬂuence both hands
individually (Diedrichsen, Nambisan, Kennerley, & Ivry, 2004; Miller &
Franz, 2005).
In conclusion, the ﬁndings from this study illustrate that
subliminal-driven mechanisms that assist adaptive motor behavior are
sensitive not only to extrinsic (task-related) factors such as prime-target
compatibility but also to intrinsic (performer-related) factors such as
hand dominance, which accordingly guide performance. The data further
provide support for handedness-speciﬁc effects in motor functions and
underline a signiﬁcant role of hand dominance in the control of bimanual
actions.
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